INTRODUCTION
Deep moss peat banks are a unique feature of the vegetation in maritime Antarctica (Fenton and Smith, 1982; Smith, 1984; Longton, 1985) . They occur in the South Orkney and South Shetland islands and on the west coast of the Antarctic Peninsula and its offshore islands. They are predominantly ombrotrophic accumulations of the turf-forming mosses Chorisodontium aciphyllum (Hook. f. et Wils.) Broth and Polytrichum alpestre Hoppe. Usually one of them is dominant. The living surface of which means that the mosses become incorporated into the permafrost and thus permanently frozen after a few centuries (Fenton, 1980) . The oldest '4C dates from the Signey Island moss banks were up to 4800 yr BP (Fenton, 1980 (Fenton, , 1982 Fenton and Smith, 1982; Longton, 1985) .
The objective of the present study was to obtain a sequence of samples through a moss bank, to describe the moss stratigraphy, to analyze bulk density, ash content, magnetic properties, microfossils, carbon and nitrogen contents, C/N ratios, and to '4C date different strata of the sequence. These data form the basis for paleoecological and paleoclimatic interpretations. taken 6 to 7 m behind the front exposure to avoid problems of slumping. The 1.9-m core represented the entire moss sequence from the underlying talus to the surface, excluding the uppermost few centimeters of living loose moss. When the moss thawed, it shrank to 1.5 m in spite of no observed water loss. All analyses are related to the 1.5-m thickness.
SITE DESCRIPTION AND FIELD WORK

METHODS
STRATIGRAPHY
The moss stratigraphy was documented when the core was extruded in the laboratory. The degree of humification was determined according to von Post and Granlund's (1926) 10-degree humification scale (Hi-H10), where H1 indicates that the material is not humified and H10 that it is completely humified. Apart from humification degree and color, different types of irregularities, such as folds, slides, or discordances, were also included in the stratigraphic description (Table 1) .
PHYSICAL AND CHEMICAL ANALYSES
Fifty-nine levels were sampled for different types of analyses. Sample size varied between 0.5 and 4.5 cm depending on the stratigraphy. The uppermost 17 cm were sampled at each centimeter. Bulk density (g cm-3) was determined for each sample. Each dried sample (105 C) was also incinerated at 550?C to measure the organic and mineral content as percentage of the dry weight. These results were used to calculate organic accumulation rates (g m-2 yr-1).
Nitrogen was determined as Kjeldahl-N by a semimicro method involving digestion with H2S04 (CuSO4 as catalyst), distillation, and titration with NaOH. The carbon analyses were carried out using a LECO CR-12 autoanalyzer in which the moss material was incinerated in oxygen and the CO2 evolved measured with an infrared detector. Two samples, 149.5-150 cm and 114.5-115 cm, were too small to allow for N and C analyses. Interpolated and extrapolated C and N values were used for those two levels to carry out the multivariate correspondence analysis (see below) on all 59 levels.
CALCULATION OF ANNUAL NET PRIMARY PRODUCTIVITY
The following presumptions were made to calculate primary productivity: (1) the total nitrogen supplied has accumulated in the organic material; (2) no losses of nitrogen occur via denitrification or leaching, i.e., the nitrogen accumulated by plants is sequestered in the peat and permafrost without losses (although opposite assumptions have been discussed by, e.g., Christie [1987b] ); (3) the C/N ratio is therefore determined by carbon losses through decomposition in the active layer; (4) the C/N ratio therefore reflects the depth at which decomposition is active when the peat was incorporated into the permafrost; and (5) that no further decomposition occurred after the moss was incorporated into the permafrost.
On the basis of other studies (Malmer and Holm, 1984; Malmer, 1988; Malmer et al., unpubl. data) we may also, for the present site, presume that the moss litter has a nearly constant nitrogen concentration, and thus also constant C/N ratio, independent of the amount of primary production and the annual nitrogen supply. It is possible, on the basis of the presumptions above, to calculate annual primary production and the following relationship should be valid for each level:
where p is the primary production in the moss surface (g m'2 yr1), d is the increase in amount of organic material in the permafrost (incorporation of new organic material in the permafrost) (g m-2 yr-1), C/N is the carbon/ nitrogen ratio at each level, and h is a constant determined by the N concentration in the newly formed litter and expressed as its C/N ratio. Since p also corresponds to the amount of annual input of moss litter to the active layer, provided biomass remains unchanged, p and d can be expressed as the amount of organic material being added to and removed from the active layer, respectively. A certain amount of C is also removed from the active layer through the respiration-decomposition process. Figure 6 ). During the first ca. 2000 yr the rate gradually increased from 0.1 to ca. 0.3 mm yr-1. Then followed a marked increase and a growth rate peak (1.5-1.7 mm yr-1) was reached at 3200 to 3100 BP. This peak was followed by rapidly decreasing rates and a minimum of ca. 0.3 to 0.4 mm yrwas attained at ca. 2100 BP. Thereafter it increased slightly to 0.5 mm yr-1.
The accumulation rate curve for organic matter (Figure 6 ) is similar to the volumetric growth rate curve. MM5), correspond to SIRM peaks (SIRM3 and SIRM6) and HIRM peaks (HIRM1 and HIRM5). These are also the peaks with the lowest S-ratios (0.04 and 0.06, respectively).Two other SIRM peaks (SIRM4 and SIRM5) correspond to HIRM peaks (HIRM3 and HIRM4) and thus also to low S-ratios (Table 3) . A fifth peak (HIRM2) was detectable only with the HIRM value and its S-ratio. The mean S-ratio for the five HIRM peaks is 0.13, while the mean S-ratio for the remaining peaks is 0.75.
CORRESPONDENCE ANALYSIS
The correspondence analysis made it possible to zone the moss bank. This zonation is based on the samples' scores on the 1st and 2nd axes which are determined by interactions and differences in the data for the changing variables. In this way the 59 sample levels were reduced to 11 zones (or time periods). The mean 1st and 2nd axis score for each zone was then calculated and plotted in a diagram together with the scores for the variables (Figure 10) .
It is quite clear that most of the zones are centered around origin in Figure 10 . This means that none of the variables has a dominant influence on the samples of that zone. However, a few time periods, including the surface sample, seem to be dominated by at least one or two of the variables. Three of these periods (4150-3900, 3180-3030, and 2030-1840 BP) coincide with the productivity peaks (Figure 8 Axis 2 The magnetic analyses clearly suggest that HIRM1, HIRM3, and HIRM5 are tephra layers. HIRM2 and HIRM4 have been found in other parts of the region (Bjorck et al., 1991c), indicating they are also tephra layers. These five tephra horizons have been named AP13, AP9, AP8, AP7, and AP6 (Table 3 ). The remaining MM and SIRM peaks may be explained by different sources, e.g., dust storms, since the ferrimagnetic content (mainly magnetite) is high in SIRM1 and SIRM2 (Sratios of 0.8-0.9), while it is lower in MM1 and MM2 (S-ratios of 0.5-0.6). These intermediate values suggest that MM1 and MM2 are a mixture of tephra and the local bedrock (chloritic phyllites). These older peaks can also be explained by solifluction processes, since the moss bank was shallow at the time. The two remaining peaks, MM4 and MM6, are probably of eolian origin, as the moss bank at the time of their deposition was raised significantly above the substratum. The S-ratio of these two peaks is ca. 0.6, which indicates a mixture of volcanic and local bedrock material. Figure 6 ) could be explained by an ameliorated summer climate with higher temperatures and less wind. Additionally, if colder winters decreased the thickness of the active layer, the accumulation rate would increase. This last factor alone cannot explain the dramatic changes in growth rate (Fenton, 1980) .
TABLE 3 Radiocarbon-dated peaks of mineral matter (MMI-MM6), SIRM values (SIRMI-SIRM6), HIRM values (HIRMI-HIRM5), S-ratios for each peak, and the tephra horizons according to Bjorck et al. (1991c)
ACCUMULATION RATES AND CONCENTRATIONS OF NITROGEN AND CARBON
Similar to all other peat deposits, the accumulation rate at Walker Point was determined by the balance between the primary production of the living and actively growing mosses at the surface and the decomposition losses in the active layer before the remaining organic matter becomes incorporated in the permafrost (Clymo, 1978 (Clymo, , 1984 . In temperate or boreal peatlands decomposition of organic matter continues by anaerobic decay after organic matter has been transferred below the water table, although at a much slower rate. On these bogs the position of the water table defines aerobic versus anaerobic activity. In peatlands with permafrost, it is the seasonal depth of thaw which represents the active layer. Thus in a frozen peat deposit, the organic matter will closely reflect the chemical and physical conditions in the peat prior to incorporation into the permafrost. Except for the peak values at ca. 3100 BP, these accumulation rates are low when compared to ombrotrophic bog peat in temperate or boreal areas of northern latitudes (Clymo, 1983 (Clymo, , 1984 .
The variation in the nitrogen accumulation rate (Figure 8) The variation in nitrogen accumulation rate (Figure 8 ) suggests that the nitrogen supply has varied for different periods since assimilation of available nitrogen by mosses is complete. Nitrogen is generally thought to limit plant productivity in harsh environments, such as at Walker Point (Rosswall and Granhall, 1980) . Thus, during periods with high nitrogen supply, the moss productivity including carbon accumulation, should increase. Slight variations in nitrogen concentrations within living moss tissue or moss litter may occur, but these are small compared to the variation in moss productivity (Malmer, 1988 (Malmer, , 1990 The length and temperature of the growing season must be the most critical factors that determine the decay rate in the active layer at this site. The variations in the C/N quotient suggest that periods of low decomposition prevailed at 3300-3100, 2800, and 1800 BP (Figure 7) , while high decomposition rates prevailed between 4100-3900 BP.
Good correlation between high ash content ( Figure 5 ) and high nitrogen concentrations (Figure 7) shows that other factors are important. In the lower parts of the sequence cryoturbation may have occurred which exposed mosses to decay for longer periods than at higher levels. Greater decay rates associated with the higher ash concentrations higher up in the sequence could have been caused by a darker color of the moss surface just after deposition of the mineral (tephra) matter. This enhanced the heat absorbance of the moss, raised the surface temperature, and increased the supply of mineral nutrients. Microbial activity is not only limited by climatic conditions and nitrogen but also by mineral nutrients. If the tephra fallout on the moss bank (Figure 9 ) is compared with some of the nitrogen peaks (Figure 7) there is a close correlation between these factors if a small time-lag between the tephra deposition and the increased nitrogen values is taken into account.
For ombrotrophic bogs in temperate and boreal areas it has been shown by mathematical modeling (Clymo, 1984) that it is the residence time for the organic matter in the acrotelm that determines the rate of peat accumulation. Variation in the productivity is less important, since the carbon losses from the acrotelm amounts to 80 to 90% of the net annual carbon accumulation in the plant cover (Malmer and Holm, 1984) . If the carbon losses in the active layer are only 50% or less, a variation in productivity would affect the peat accumulation rate much more.
Like the volumetric growth rate, the accumulation rate at Walker Point (Figure 6 ) is much less than that reported from Signy Island (Fenton, 1980) . Here the annual productivity was estimated to be 160 to 300 g m-2 of which ca. 50% was lost through decay before being incorporated into the permafrost. The low nitrogen concentrations and high C/N quotients suggest that the much slower accumulation at Walker Point cannot be the result of a higher decay rate, but must be explained by a smaller productivity than that on Signy Island. A mean annual net productivity of 20 to 50 g m-2 may be a more realistic value for the Walker Point site (cf. Figure 8 ) with its rather harsh local climate. Similar rates have been reported from peat-forming habitats in arctic and subarctic areas (e.g., Rastorfer, 1978; Oechel and Sveinbj6rnsson, 1978; Rosswall and Granhall, 1980) . Prior to 3000 BP both the accumulation and volumetric growth rates (Figure 6 ) reached values similar to and even higher than the recent mean value for a Chorisodontium moss bank on Signy Island (Fenton, 1980) . Otherwise, the Walker Point values were lower, except for a short accumulation rate peak at ca. 1900 BP. The two periods with increased accumulation rates are characterized by high C/N quotients which suggests a low decay rate. The high supply of nitrogen (Figure 8 ) and the much greater variation in the C/N quotient than in the accumulation rate suggest great variation in the moss productivity during the whole sequence.
No doubt the variation in accumulation and growth rates is climatically induced. A significant increase in moss production strongly suggests longer and/or milder summers as would a low C/N quotient. A high C/N quotient similarly suggests short and cold summers with a thin active layer. However, the problem is complicated because a rapid moss growth and carbon accumulation rate shortens the residence time for the organic material in the active layer and thus decreases the decay and increases the C/N quotient. This process may have been active at 2000 BP when the peak in the accumulation rate started with a distinct minima in the C/N quotient.
PRIMARY PRODUCTIVITY AND CORRESPONDENCE ANALYSIS
A number of complex feedback mechanisms influence the parameters analyzed in this study. These complex patterns may be simplified by two types of mathematical calculations: (1) estimates of the net primary productivity in the moss bank through time, and (2) multivariate analysis (correspondence analysis) to reveal the underlying structure of the interrelated data.
According to the presumptions given above and equation (2) the moss bank was characterized by high productivity during three rather short time periods (Figure 8 The correspondence analysis (Figure 10 ) undoubtedly supports the existence of the three productivity peaks. It also suggests which variables are related to these peaks. Therefore, on the basis of the discussion about the variables and the mathematical and statistical analyses we think certain conclusions can be drawn about the climatic/environmental changes that the moss bank has experienced. In this context it should be pointed out that changing primary productivity rates may, at least partly, be an effect of large bird colonies moving in and out of the area (Allison and Smith, 1973) In contrast to ombrotrophic bogs of northern temperate and boreal regions, the accumulation rate of Antarctic moss banks varies in response to changes in moss productivity rather than in decomposition of the organic matter. Except for short periods, carbon loss from moss litter does not exceed 40% before incorporation into the permafrost.
The basal date of the moss bank suggests that the area became deglaciated some time before 5500 BP, indicating that Elephant Island was more extensively covered by glaciers before the moss bank began to develop. On the basis of the same type of evidence, Smith (1990) suggests a similar development for Signy Island.
On the basis of the discussion above and the CA ordination (Figure 10) 2030-1840 BP: Low C/N ratios, rather high N-influxes and N concentrations, increasing accumulation rates, high productivity-high decomposition, rather thick active layer, good moss growth conditions with warm (humid) summers and probably mild winters as an effect of increased influence from northern air masses. Possibly increased influence from bird colonies.
1840-1580 BP:
No dominating variable-"mean" climatic conditions. The surface sample, 1580 BP, is different from the others since it has probably been exposed to a variety of conditions since it was growing on the moss bank surface. As such it does not give any paleoclimatic information.
CONCLUSIONS
The accumulation of peat at Walker Point is determined by a delicate balance between the thermal regime, regulating the seasonal depth of thaw, and various factors controlling primary productivity. The optimum conditions for peat accumulation at this site are warm humid summers with high nitrogen influx that stimulate primary productivity and long cold winters that enhance the aggradation of permafrost.
In the past these conditions could have been produced by increased influence of humid (N-rich) and warmer air masses from the north during summer, while winters would have been more continental by an increased influence from the cold and arid air masses in the south. Such conditions might have prevailed on Elephant Island between ca. 3200 and 3000 BP, while the periods 4150-3900 and 2030-1840 BP seem to have had both mild summers and winters. Studies on sediments in Midge Lake on Livingston Island (Figure 1) show that the mildest and most humid summer conditions prevailed between 3200 and 2700 BP with another mild pulse at 2000 BP (Bj6rck et al., 1991a).
The periods with least favorable conditions for primary productivity, moss growth, and accumulation of organic matter, indicating both colder summers and winters, occurred toward the beginning of the moss bank development, 5500-4300 BP, at ca. 3500 BP and at 2500-2400 BP.
